Abstract -Hydrogen-induced bistability of an oxygen vacancy defect was investigated in hafnium oxide using density functional theory calculations. With the injection of an excess electron, a bistability is induced by hydrogen site preference change due to excess electron charge redistribution near the hydrogen and oxygen vacancy. The spatial charge delocalization of electrons is altered in this transition, and this process can have a strong effect on the charge transport probability near conductive filaments of resistive random access memories. If the thickness of HfO 2 scales down below 1 nm, the bistability can also be used to realize an atomic resistive switch controlled by a single hydrogen atom.
I. INTRODUCTION
H AFNIUM oxide (HfO 2 ) based resistive random access memory (RRAM) has been recently intensively investigated as a viable candidate for next generation non-volatile memory [1] or neuromorphic computing [2] . The origin of the resistance change in hafnium oxide has been linked to the formation of conductive filaments induced by migration and clustering of oxygen vacancies. Since direct observation and tracking of atomic scale behavior of oxygen vacancies is not possible experimentally, device level modeling [3] - [5] and density functional theory (DFT) simulation techniques [6] - [17] , had been widely employed to understand the RRAM operation mechanism. Analysis of oxygen vacancy behavior in various metal oxides [6] - [8] and of electron delocalization trends coupled with ionic diffusion effects [9] - [17] provided valuable insights into elucidating the RRAM device characteristics. In addition, Duncan et al. [12] reporting on the effect of hydrogen dopants on the formation of filaments in HfO 2 , showed that the hydrogenation of HfO 2 RRAM can lead to oxygen vacancy filaments stabilization. Thermodynamic considerations of hydrogen presence in oxygen vacancy filaments were addressed, however bistable hydrogen sites may also be present, as reported for zinc oxide [8] . In this paper, we report on hydrogen induced bistability of oxygen vacancies in HfO 2 in conjunction with electron trapping, and we discuss on the implications of this effect on HfO 2 RRAM device operation.
II. COMPUTATIONAL METHODS
The electronic structure of monoclinic hafnium oxide (m-HfO 2 ) with hydrogen impurities was calculated using the Vienna Ab Initio Simulation Package (VASP) [18] , [19] . The projector augmented wave (PAW) method [20] was employed and the energy cutoff was set to 400 eV. Hf 5p 6 5d 2 6s 2 and O 2s 2 2p 4 were considered as valence electrons. The Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was used with a mixing parameter of 0.25 and a screening parameter of 0.2 Å −1 [21] for the exchange-correlation interaction. The calculated HSE06 lattice parameters of m-HfO 2 are a = 5.06 Å, b = 5.15 Å and c = 5.22 Å, yielding a band gap of 5.73 eV, consistent with experimental values [22] . For defect calculations, a 2×2×2 m-HfO 2 supercell with 96 atoms was used with a 2×2×2 k-point mesh including the gamma point. Both threefold-coordinated (3C) and fourfoldcoordinated (4C) oxygen vacancies were evaluated. Migration barriers for hydrogen were calculated employing the nudged elastic band (NEB) method [23] . For all ionic relaxations an energy convergence of 10 −6 eV/atom and forces less than 0.01 eV/Å per ion have been reached. 
III. RESULTS

C. Formation and Migration of H Between Bistable States
In this section we discuss on the formation energy implications for all defects and charge states. This quantity is calculated as described in [24] :
where E(D,q) is the total energy of the supercell with a defect D in charge state q, E re f is the total energy of the defect-free supercell, n i and μ i refer to the number and chemical potential of atom i . E V B M is the valence band maximum and E F represents the Fermi level. The chemical potentials μ of oxygen and hydrogen were obtained from an isolated O 2 and H 2 molecule with the HSE06 functional, and found to be -5.15 eV and 0 eV.
In Fig. 3a ) the formation energies corresponding to Fermi energy values between 4.5 eV and 6 eV were plotted for -1 and -2 charge states, since this region close to the conduction band describes the electron capturing process. The 4C V o -H From  Fig. 3b) level as its 4C H o neutral charge state. Therefore, it is unlikely that the neutral state is stabilized during the excess electron capturing process.
The concentration of a defect in a system is determined by exp(-E form /k B T), where E form , k B and T denote the formation energy, Boltzmann coefficient, and temperature. Therefore, 320 times more 3C V o -H The filament in RRAM devices is believed to be composed of oxygen vacancies and H is a ubiquitous dopant in all devices. The electrons injected from the electrodes under the applied electric field during the operation of RRAM devices are predicted to preferentially localize around H and possibly induce the bistability. Therefore, the formation of defect complexes, H − o and V o -H − i , and the transition in between can induce significant perturbations in the electronic transport. The excess charges are all trapped in defect induced gap states, therefore the electron transport by trap-assisted tunneling (TAT) will be strongly impacted, given that the distance between traps, electron localization length, and trap energies below the conduction band are critical parameters [25] . Therefore, the observed change in electron localization length and gap states location due to bistability may affect the resistance of the device and alter RRAM device operation.
Although experimental results about the effect of hydrogen treatment on RRAM devices [26] , [27] have been reported, there is no clear evidence yet related to hydrogen induced bistability. More future work would also be necessary to extend the result for possible effects on H bistability on the filamentary RRAM device switching characteristics, since these results are for single defect calculations. Nevertheless, the possibility of a filament creation and rupture due to hydrogen-induced bistability should be taken into account in future studies, since the migration energy barrier of hydrogen found in this study is smaller than that of the oxygen vacancy migration barrier [13] , [14] . Moreover, the hydrogen induced bistability may contribute to the filament instability observed right after filament formation, since the charge redistribution may potentially alter the stability of the clustered vacancies.
Lastly, the possibility of conductance changes due to hydrogen-induced oxygen vacancy bistability in HfO 2 can also give an insight for the development of CMOS-compatible atomic switch. If the thickness of HfO 2 is scaled down to ∼5 Å, this bistability can dominate the overall bulk conductance change, enabling a switch operating with one hydrogen. Studies on scaled HfO 2 RRAM devices [28] have been already reported, therefore the hydrogen-based resistive atomic switch might be possible to realize in the near future.
IV. CONCLUSION
Bistability of hydrogen near oxygen vacancies in hafnium oxide was investigated in terms of electronic structure, mechanism, energetics, and impacts on RRAM device operation. Due to this bistability, variations in the localization of excess charges will induce conductance fluctuations near isolated defects or filaments. Thus, this property will affect the switching mechanism of RRAM devices and possibly can be harnessed in applications of atomic switches.
